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CHAPTER 1 
SEED YIELD DEVELOPMENT OF SOYBEAN 
Introduction 
Light is the energy source of all plants. It 
affects not only the vegetative growth, but also the 
accumulation of dry matter in developing seeds and 
fruits. This process of seed growth requires the 
production of assimilates through photosynthesis mainly 
in the plant leaves but also to a certain extent in its 
stems and fruits. Translocation of photosynthates to 
the fruits and storage organs and the synthesis of 
storage materials strongly affect seed development. 
Although many studies have been carried out, it is 
still not fully understood which processes control and 
affect seed growth in soybean [Glycine max (L.) 
Merrill]. Therefore, it is important to study light 
and its effects on soybean growth. 
Literature Review 
The yield of soybeans [Glycine max (L.) Merrill] 
can be divided into several components. The number of 
plants per unit area, nodes per plant, pods per node, 
seeds per pod, and seed size are the main parameters 
1 
which are determined at different stages of 
reproductive growth. Furthermore, the number of fully 
developed leaves per plant and the leaf area per m^ of 
ground (leaf area index (LAI)) are very important 
contributors to seed yield. Lugg and Sinclair (1981) 
reported that the net photosynthetic rate per unit leaf 
area (NPR) is at its maximum just prior to the leaf 
attaining its maximum area. During further leaf 
development, the leaf thickness increases with a 
positive effect on the leaf NPR. Since leaves are the 
main site of photosynthetic action, it is very 
important to understand which assimilates are produced 
within the leaves and are partitioned to the fruits and 
other sinks in the plants. 
The major products of photosynthesis are sugars. 
These are building blocks for the synthesis of 
structural components, starch, sucrose, proteins and 
other nitrogenous components, and lipoidal and oleic 
materials. Most of the assimilates are translocated 
from the leaves to the various sinks during plant 
growth. Sucrose represents about 50% of the 
translocated materials (Fellows et al., 1978). Most of 
the remaining 50% are amino acids and mineral 
nutrients. A negative correlation between sucrose and 
starch concentration in soybean leaves exists, 
indicating that a large sink demand for assimilates 
prevents starch accumulation in leaves (Huber and 
2 
Israel, 1982). Most of the photosynthates from each 
leaf (60-70%) were transported to the pods and seeds of 
the same node and to the pods 2 nodes above and below 
(Stephenson and Wilson, 1977). The percentage going to 
pods increases at the upper nodes due to longer leaf 
retention and a longer seed-fill period. At the leaves 
of lower nodes, less than 60% of the assimilates are 
transported to the pods due to early leaf abscission 
and to the partitioning of assimilates to the root 
nodules. 
During vegetative growth larger amounts of 
assimilates are used for developing structural tissues 
mainly in the roots, stems, petioles, and leaves. 
Carbohydrate accumulation in seeds occurs later during 
seed development. Hume and Criswell (1973) discovered 
that 30-40% of the total ^^C applied before the end of 
vegetative growth was in the seeds at maturity. But 
even from those assimilates, accumulated in the seeds 
during rapid seed development, 35% of the dry matter 
was lost during the maturation processes due to 
respiratory loss (20%) and abscising tissue (mainly 
pods). Since during early seed development stages 
soybean pods are still green, it was assumed that they 
produce a large proportion of their own dry matter and 
supply some to the seed (Quebedeaux and Chollet, 1975). 
However, they showed that the pods assimilate only the 
amount of carbohydrates which they respire during the 
3 
periods of darkness or light deficiency. Sambo et al. 
(1977) discovered that due to an increasing internal 
resistance to COj influx, pod photosynthetic 
assimilation decreased during the pod development to 
50-70% of what they respired. 
Before mid-pod fill stage, the maximum dry weight 
accumulation of the pod walls occurred, but about 38% 
of the pod wall dry weight was redistributed during 
seed development (Thorne, 1979). It was confirmed that 
41% of the leaf dry weight was relocated into the 
seeds, contributing about 13% of the final seed weight. 
Pods from upper nodes stored more starch than ones from 
lower nodes, but for all pods the redistribution time 
course was very similar for all materials (starch, 
reducing sugars, nitrogenous compounds). Fraser et al. 
(1982) discovered that dry matter redistribution from 
pod walls into seeds did not occur before the onset of 
physiological maturity, i.e. maximum seed dry weight 
(stage R^.) reached at 55% seed moisture content. 
Therefore, redistribution from pods to seeds functions 
as a prolongation of the seed filling period 
contributing significant amounts of dry matter to the 
final yield. 
Similar results in redistribution were found for 
total-N content within soybean seed development 
(Alberda et al., 1983). As the seed dry weight 
increased during seed development, the total-N content 
4 
in roots and stems dropped slightly, whereas in leaves 
a dramatic decline was noticed. Boon-Lang et al. 
(1983) reported a close relationship between the 
decline of CO2 uptake and leaf protein at growth stage 
R6 (Fehr et al., 1971). This sharp drop is due to 
translocation of N from leaf chlorophyll and associated 
proteins to pods and seeds. During most rapid seed 
growth, the demand for nitrogenous compounds by the 
seeds is higher than the rate of Nj fixation in the 
root nodules. Therefore, the translocation of N- 
compounds from leaves, stems, and petioles serves as a 
supplemental N source for the seed. It contributes 22% 
of the total-N to the pods. This redistribution 
process leads finally to senescence and plant death. 
Whenever the fruits were removed as the major 
assimilate sink, the dry matter accumulation and 
contents of reduced nitrogenous compounds and starch 
were increased significantly in leaves and stems, 
serving as alternative sinks (Crafts-Brandner et al., 
1984). This removal of fruits caused a delay in 
senescence and leaf drop so that at the time when 
maturation occurred in the control plots, depodded 
plants still had green leaves. However, Wittenbach 
(1983) reported that despite longer retention of 
chlorophyll and protein no difference in the onset of 
photosynthetic decline and senescence occurred in 
leaves of depodded plants. Depodding triggered an 
5 
increase in the rate of decline of photosynthetic 
action. Hsu et al. (1984) revealed that the highest 
concentration of amino acids (AA) and nitrate in seeds 
was at the stage of most rapid seed growth, but the 
level dropped sharply in favor of protein assimilation 
as the seeds reached the maximum dry weight. Nitrate 
and AA's accounted for about 80-95% of the total-N in 
the seeds during the most rapid seed growth, of which a 
large portion was stored in the embryo and the seed 
coat, which are the actual sites of phloem unloading. 
The transport of N to the seeds is facilitated by 
xylem and phloem transport carrying different kinds and 
concentrations of N compounds (Layzell and LaRue, 
1982). The most common kind of transported N in the 
vascular bundle sections are amides, ureides, NO3' 
(only in xylem), and AA's (in phloem). However, the N 
constituents in the cotyledons and seed embryo are very 
different from those in the xylem and phloem sap (Lin 
et al., 1984). Rainbird et al. (1984) discovered that 
the total N in the xylem was composed of 82% ureides 
(allantoin and allantoic acid), 10% asparagine, 2% 
glutamine, and 6% a mixture of 14 other amino acids. 
However, the soybean embryo preferentially accumulates 
amides such as glutamine and asparagine. Through the 
seed coat a strong selection is facilitated to reduce 
the uptake of ureides into the embryo. They suggested 
this selection against ureide uptake may be due to a) a 
6 
rapid metabolism of ureides in maternal tissue, b) a 
low rate of ureide uptake by the embryo, and c) a lack 
of utilization of incoming ureides from growth and 
storage protein formation. Therefore, the nitrogenous 
composition of soybean embryos consists of 52% 
glutamine, 19% asparagine, 7% ammonia, and 29% of 
various other amino acids. Allantoin and allantoic 
acid were found only in trace amounts in the embryo. 
Rubel et al. (1972) stated that during seed 
development, protein and oil contents change 
dramatically. During early pod fill until about 25 
days after flowering (DAF), only 2% of the final 
protein and 1% of the final oil content are accumulated 
although the contents per unit dry matter were 30% and 
5%, respectively. From 24 to 40 DAF protein and oil 
contents increased to about 40% and 20% per unit 
weight, respectively. These percentages stay 
relatively constant for the remainder of seed 
development; however, the total amounts of protein and 
oil increase sharply. During seed growth stages Rj to 
R^ the majority of the final seed N is accumulated. 
Soil-N, Nj-fixation, and N-fertilizer are the major 
sources for the N supply in the plant, and they 
contribute 50%, 47%, and 3% of total-N, respectively, 
to the seeds until physiological maturity (Zapata et 
al., 1987). These results were recorded in a field 
study using a nodulating and a non-nodulating isoline 
7 
of the soybean cultivar Chippewa as a reference. 
Radioactive marked fertilizer was used on both 
isolines. 
Since dry matter accumulation is influenced 
directly by light intensity and the amount of light 
intercepted by the photosynthetically active plant 
parts, artificial light enrichment and shading as well 
as plant densities influence the yield of soybeans 
significantly (Egli et al., 1980 & 1985; Herbert and 
Litchfield, 1982 & 1984; Johnston et al.,1969; Willcot 
et al., 1984). Artificial shading (a reduction of 60% 
light intensity) decreased soybean seed yields up to 30 
to 40% (Egli et al.,1980) and increased lodging (Allen, 
1975; Johnson and Harris, 1967), as also found in 
higher plant densities (Dominguez and Hume, 1978; 
Herbert and Litchfield, 1984). However, higher 
densities do not always decrease yield, but in some 
instances even increase it due to more equal spacing 
and optimal canopy display (Herbert and Litchfield, 
1982 & 1984; Willcott et al., 1984). 
Light enrichment can be considered equivalent to 
less dense but more equally spaced plant populations 
(fewer plants per m^) , for which the yield increases on 
a per plant basis but is much lower on an area basis 
(Weil and Ohlrogge, 1976). Therefore, shading 
represents much denser and less equally spaced plant 
populations, which decrease the yield per plant but do 
8 
not necessarily suppress the yield per unit area. 
Hatfield and Carlson (1969) discovered a large 
superiority of the upper canopy parts for light 
interception. Therefore, in these strata the 
production of carbohydrates was significantly larger. 
Light enrichment leads to increased plant yields due to 
an increase in available light for each plant, 
especially in the lower canopy parts (Johnston et al., 
1969). 
A genetically based increase in final seed size is, 
according to Swank et al. (1987), due to an increase in 
cotyledon cell size, but not to the number of cells per 
cotyledon, and due to an increased seed growth rate or 
a longer seed filling period. However, the genetic 
differences may be controlled by a mechanism 
determining the number of cells per cotyledon (Egli et 
al., 1981). The number of seed cells is determined 2 
weeks after flowering (Bils and Howell, 1963). In 
addition, Egli et al. (1978 & 1984) proposed that the 
seed growth rate is correlated inversely to seed size. 
Both, seed growth rate and seed size, are strongly 
affected by the duration of the effective filling 
period. The longer the effective filling period, the 
larger is the seed size, and hence the higher is total 
yield. 
Gent (1983) reported that the whole fruit growth 
(number of pods per node and number of seeds per pod) 
9 
already is determined during early pod development, 
whereas seed growth is influenced mainly during the 
period of rapid (linear) seed development. Depending 
upon when shading or light enrichment occurs, the 
number of pods per plant or seed size may increase. 
Carlson and Brun (1985) showed that increases in light 
and CO2 availability increase the amount of 
reproductive sinks as well as the plant height and dry 
weights of all reproductive organs. 
Herbert and Litchfield (1982) reported that in a 
row width and density field experiment with the same 
experimental design on the same location, yield data 
obtained from two succeeding years (1979 & 1980) varied 
from one year to the other across all treatments due to 
variation in seed size. They proposed that the amount 
of light intercepted during the seed filling period was 
the major reason for this phenomenon. 
The following study tested the hypothesis that 
light interception during the seed filling period is a 
primary determinant of seed size. 
Objectives 
The objective of this study was to simulate 
seasonal variation in yield components, especially seed 
size, due to differences in interception of light at 
10 
different times of the reproductive growth by using (1) 
artificial shading and (2) artificial light enrichment. 
Furthermore, the experiments were designed to examine 
and evaluate the effects of changes in treatments on 
the plant growth pattern during the different phases of 
reproductive development, which should give more 
detailed information about some growth patterns of 
soybean seeds during a very crucial time in plant 
development. Additionally, the effects of these 
treatments on protein, oil, and fiber contents as sinks 
for photosynthates were investigated. 
11 
CHAPTER 2 
MATERIALS AND METHODS 
The data collected from two years of field 
experiments during 1987 and 1988 were evaluated. In 
1987 soybean plants (cultivar *Evans*, maturity group 
*0*, indeterminate northern type, requiring more than 
15 hr of daylight for flower induction), were grown in 
a Hadley fine sandy loam (Typic UdifInvents) at the 
University of Massachusetts experiment farm in South 
Deerfield. Plots, 2.3 m x 7.6 m, consisted of 8 rows 
at 25-cm row spacing. The seeding density was 80 
plants per m^. In 1987, seeds were sown on May 20 and, 
in 1988, on May 26. Conventional cultural practices 
(plowing, disking, and harrowing) were employed for 
soil preparation, and weeds were controlled chemically 
by a preemergence application of 2.24 kg/ha Alachlor 
[2-chloro-2 *,6 *-diethyl-N-(methoxymethyl)-acetanilide] 
and 0.28 kg/ha Linuron [3-(3,4-dichlorophenyl)-l- 
methoxy-l-methylurea] in both years. In addition, 336 
kg/ha of 20-20 PK-fertilizer were applied to the plots. 
In 1987, a split-plot experimental design was 
chosen. The cimount of shade cloth to accomplish 50% 
light reduction was limited, and using a split-plot 
design reduced the amount of cloth required. 
For the 1988 experiment, enough shade cloth was 
available to change the experimental design from a 
12 
split-plot design to a randomized complete block 
design. This change resulted in greater design 
efficiency. More information about shading effects 
could be gained by using a randomized complete block 
design than a split-plot design, due to more degrees of 
freedom in the error term used to test the shade 
effects. 
In both years the following 6 treatments were 
applied in a factorial experiment with 4 replications: 
Shading: 
Shdjj - No shading. 
Shd-, - Shading at 8 days prior to flowering. 
Shdj - Shading at early pod fill; no light 
enrichment. 
Light Enrichment: 
LEq - No light enrichment 
LE^ - Light enrichment at 8 days prior to 
flowering. 
LE2 - Light enrichment at early pod fill. 
The shade and light enrichment treatments were set 
up about a week before first flowering, stage R-, (Fehr 
et al., 1971) occurred (June 26, 1987, and June 29/30, 
1988), and during the early pod filling period (stage 
Rj,- July 31, 1987, and July 29, 1988). The shade cloth 
and the fences (described later) were left in place 
13 
throughout maturity (stage Rg) , until final harvest 
(October 2, 1987, and September 22 to 30, 1988) was 
completed. 
To install the shade cloth (50% light reduction), 
10 poles (10 cm X 10 cm x 350 cm) were put 1.5 m deep 
into the ground at 2.25m spacing (width of each plot) 
on both ends of the field. Across the center of the 
field poles were placed between every other plot. 
During the next step, 2-mm thick wires were 
stretched from the poles at one end of the field to the 
poles at the opposite end and fastened with turnbuckle 
roll-up devices on the poles. This way the shade cloth 
could be raised according to the plant height. Shade 
cloth, held at approximately 30 to 60 cm above the 
plant canopy, was installed for light reduction. 
The third step involved the set up of the precut 
(3.65 m X 4.7 m) shade cloth, which was tied to the 
wires by using wire rope clips with connected plastic 
coated wires. To prevent the over-hanging sides from 
moving too much in the wind and causing plant damage or 
changes in the canopy, water-filled soda cans were tied 
to the shade cloth sides. 
For the light enrichment treatments, wire mesh 
fences fastened on 2 cm x 2.5 cm x 160 cm poles were 
placed on both sides of the center sample row sloping 
45° away from the center sample row. This way the 
plants from the neighboring rows were pushed aside so 
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that more light could penetrate deeper into the canopy 
of the center sample row. Pushing the neighboring 
plants away did not disturb the root system. 
In 1987, the final harvest consisted of 15 plants 
for the yield component analysis, and plants from 2 or 
4 meters (depending on availability) of the center 
sample row were harvested to determine the total yield 
per meter of sample row. During 1988, 20 plants were 
taken for component analysis. Also, 2m of the center 
row were harvested to determine total yield per meter 
of sample row. In those plots where 2 meters of row 
were not left after the component sampling was 
completed, the 20 plants for component analysis were 
included in the total yield determination, taking into 
account the distance of row they occupied. 
In order to obtain more information about the 
effects of the shade and light enrichment on the plant 
growth, additional whole plant samples were taken once 
a week during the 5 weeks from growth stage to in 
1988. For the control plots (S^ L^) all plants were 
sampled from 0.5 m of the 2 center rows, from which 4 
plants were picked randomly to perform a total growth 
analysis. At the same time 3-plant samples were taken 
from a random starting point from the center row of 
each of the other 32 plots. 
The total growth analysis of the 3-plant and 4- 
plant samples for all nodes included stem dry weight. 
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leaf dry weight, and pod and seed dry weight. Fruit, 
leaf, and stem dry weights were also determined for the 
remaining plants from the 0.5 m^ seunple. All plant 
samples of which the dry weight was determined were 
kept in a forced-air drying oven (Gruenberg Oven 
Company Inc., Williamsport, PA) at 80°C for at least 48 
hr. 
A total-N analysis of seeds from 1987 yield 
component samples of nodes 3, 6, 9, 12, and 15 for each 
treatment was conducted using a micro-Kjeldahl block 
digester and a Technicon BD 40 NH^ Autoanalyzer 
(Tarrytown, NY). This method is rapid and precise for 
total-N determinations (Isaac and Johnson, 1976). For 
crude protein determination, the total-N values were 
multiplied by a conversion factor of 6.25. We were 
aware that this would not discriminate between the 
different nitrogenous compounds within the seeds. 
However, it was not the purpose of our study to account 
for the different N-fractions. 
In 1988, protein, oil, and crude fiber content of 
soybean seeds were determined with a 'Near Infrared 
Feed Analyzer' (NIR) at the Feed, Seed and Fertilizer 
Laboratory at the West Experiment Station (Univ. of 
Mass.) after grinding all samples. Grinding, in 1988, 
was accomplished by using a Tecator Cyclotec 1093 
Sample Mill, distributed by Fisher Scientific. 
Although the analytical methods were different in both 
16 
years, preliminary tests showed no significant 
differences between the techniques used. Both analysis 
methods provided information about the effects of the 
different treatments on the protein (total-N) content 
of the seeds according to node position. 
The "SAS" statistical package (version 6.03, SAS 
Institute Inc., Cary, NC, USA) was used for data 
processing. 
In both years, 1987 and 1988, weather data were 
recorded at the agricultural experiment station in 
South Deerfield for the growing season of the soybean 
plants. However, only precipitation and temperature 
are reported in this study. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
Final Harvest 
For most of the variables of seed yield and yield 
components, no interaction between shading and light 
enrichment occurred at final harvest in either year. 
However, in 1988 seed yield and plant weight per meter 
of row were the exceptions. In the case of these 
interactions comparing the main effect results showed 
that the general trends were found for most of the 
treatments. Therefore, only main effect results are 
presented for the further discussion. 
Yield and Yield Components 
The seed yield per meter of sample row (table 1) 
was significantly affected by shading and light 
enrichment of soybean plants at different times during 
reproductive growth in both seasons (1987 and 1988) 
(tables 2 and 3). Shading installed 8 days prior to 
flowering (Shd^) decreased the yield relative to non- 
shaded plants by 36% and 44% for 1987 and 1988, 
respectively, whereas light enrichment (LE^) increased 
yield to 247% and 282% of the non-enriched plants. 
18 
Tahle 1. Effects of shading (Shd) and light enrichment 
(LE) on seed yield, plant dry weight, and 
harvest index of 'Evans' soybean. 
Treatment 1987 1988 Treatment 1987 1988 
Seed Yield per Meter of Row (g DW) 
Shdc 
Shd^ 
Shd. 
182 a§ 
117 b 
146 ab 
143 a 
81 c 
107 b 
LEf 
LE^ 
LE. 
93 c 
230 a 
123 b 
63 c 
178 a 
90 b 
- Plant Dry Weight per meter of row (g) — 
Shdo 273 a 234 a LEo 156 c 121 b 
Shd, 
Shd2 
183 b 124 c LE, 338 a 286 a 
243 a 185 b LEj 200 b 137 b 
C 
(%) ■ 0 
Shdg 65 a 60 a LEq 60 b 52 b 
Shd, 
Shdj 
63 ab 63 a LE, 68 a 64 a 
60 b 59 a LEj 62 b 67 a 
§ Means within columns not followed by the same letter are 
significantly different at P < 0.05 determined by LSD. 
^ Plant dry weight per meter of row = total above ground 
dry matter per plant at final harvest. 
^ Harvest index = (seed yield/m row) -5- (plant dry weight/m 
row) * 100. 
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respectively. Shading positioned at the early pod fill 
stage (Shdj) restricted the yield by 20% (not 
significant) and 25% in 1987 and 1988, respectively. 
Early pod fill light enrichment treatments (LEj) 
increased this variable to 132% and 143% of the non- 
enriched ones. Plots with shade at early pod fill had 
125% (non significant) and 132% of the seed yield of 
plots with shade beginning prior to flowering for 1987 
and 1988, respectively. Plots with light enrichment at 
early pod fill had 47% and 49% lower seed yields for 
1987 and 1988, respectively, compared to plots with 
light enrichment prior to flowering. The reason for 
these effects on seed yield will be shown by examining 
the yield components. Previous reports also 
illustrated that shading limits and light enrichment 
increases yield (Egli et al., 1980; Johnston et al., 
1969; Schou et al., 1978). 
Shading and light enrichment had significant 
effects on the above ground dry matter (total plant dry 
weight) (tables 2 and 3). Shading prior to flowering 
reduced the yield significantly compared to non shaded 
plants by 33% and 47% for 1987 and 1988, respectively. 
Shading at early pod fill restricted total plant weight 
by 11% (not significant at P < 0.05) and 21% (table 1) 
relative to non-shaded plant results in 1987 and 1988, 
respectively. 
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Light enrichment treatments implemented 8 days 
prior to flowering increased the total plant dry weight 
to 217% and 206% of the results of the LEq treatments 
(table 1). Supplemental light given after early pod 
fill increased the total plant dry weight significantly 
to 128% and 113% of the non-light enrichment treatments 
for 1987 and 1988, respectively. Although this 
treatment did not cause a significant difference in 
1988 at P < 0.05, the trend pointed towards an effect 
similar to that in 1987. 
Our results for total plant weight were similar to 
results reported by Schou et al. (1978) for seed yield 
per plant, as reflected by harvest indices (table 1). 
The harvest index is an expression, which shows the 
partitioning of plant dry matter towards reproductive 
organs. Harvest index, reported here is the apparent 
harvest index calculated from final harvest samples. 
Since the abscised leaves and petioles were not 
measured, the apparent harvest index was less than what 
would be calculated using the stage of maximum plant 
dry weight (around 91 DAP) (Herbert and Litchfield, 
1984) . Herbert and Litchfield (1984) discovered that 
higher plant densities increased yield even though 
lodging was increased and harvest index declined. 
Schou et al. (1978) reported that shading decreased 
harvest index no matter when applied. For light 
23 
enrichment, they found an increase in 1973 but no 
significant response to their reflector boards in 1974. 
In our experiments, shading prior to flowering had 
little effect on the harvest index at final harvest 
(tables 1, 2, and 3). In 1987, shading at early pod 
fill significantly lowered partitioning of assimilates 
into seeds, whereas the decrease of harvest index in 
1988 was not significant. A reduced harvest index as a 
result of shading could indicate decreased 
translocation of assimilates from leaves, stems, and 
pod walls into fruits or increased fruit abscission. 
On the other hand, light enrichment had a 
significant, positive effect on the harvest index in 
both years compared to no light enrichment (tables 2 
and 3). However, in 1987, no significant difference 
was detected between the non-enriched plants and those 
light enriched beginning at early pod fill. An 
increase in harvest index due to light enrichment 
indicated a greater partitioning of plant dry matter 
into the seeds. 
An analysis of the seed yield components has 
allowed a further explanation of differences found for 
seed yield. Since a sufficient quantity of seeds was 
sowed to establish 20 seeds per meter of row, no 
differences in the number of plants per meter of row 
were expected. In both years, our results illustrated 
that the numbers of plants per meter of row were 
24 
sifflilar among plo'ts at Gstablishmcnt and were not 
significantly affected by the shading and light 
enrichment treatments (tables 4, 2, and 3). 
Pod number per plant changed more than any other 
seed yield component in response to shading or light 
enrichment (tables 5 and 6), and was the most highly 
correlated component to seed yield (r^ = 0.97 **) . 
Many have reported that this yield component is 
influenced by shading, light enrichment, and plant 
density the most (Heindl and Brun, 1983; Herbert and 
Litchfield, 1982 and 1984; Johnston et al., 1969; Schou 
et al., 1978). We found that shading prior to flowering 
restricted the number of pods per plant significantly 
by 28% (1987) and 36% (1988). Shading at early pod 
fill did not change the pod number significantly in 
1987, but in 1988 pod number was reduced 22% compared 
to non shaded plants. The weather during the main part 
of reproductive development was cooler in 1987 than in 
1988 (figures 1 and 2). At this time, in August 1987, 
the average daily temperatures were about 5°C lower 
than in 1988. The precipitation for this time also was 
more frequently and equally distributed in 1987, Thus, 
plants were not under as much environmental stress as 
they were in 1988. The number of pods per plant in 
1988 were 11%, 20%, and 30% lower than in 1987 for the 
3 shading treatments, respectively. 
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Table 4. Effect.s of shading (Shd) emd light enrichment 
(LE) on seed yield components of 'Evans' 
soybean. 
Treatment 1987 1988 Treatment 1987 1988 
Plants per Meter of Row 
Shd^ 21.4 a§ 21.3 a LE^ 19.0 a 21.4 a 
Sh(i, 19.5 a 21.0 a LE, 20.5 a 21.1 a 
Shdj 19.5 a 20.6 a LEj 21.2 a 20.4 a 
Pod Number per Plant 
Shd^ 24.1 a 21.4 a LEg 18.5 b 11.5 c 
Shd, 17.3 b 13.8 c LE, 29.7 a 25.2 a 
Shdj 24.0a 16.7 b LEj 15.9 b 15.2 b 
- Seed Number per Pod 
Shd^ 2.31 a 2.36 a LEq 2.31 a 2.13 b 
Shd. 2.28 ab 2.08 c LE, 2.28 a 2.28 a 
Shdj 2.25 b 2.19 b LEj 2.27 a 2.22 ab 
o X z e (mg S66C4 )- 
Shd^ 184 a 150 a LEg 180 b 137 b 
Shd, 184 a 142 b LE, 172 b 143 ab 
Shd2 175 a 136 b LE^ 194 a 148 a 
§ Mesms within columns not followed by the same letter are 
significantly different at P < 0.05 determined by LSD. 
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Whereas shading reduced pod number per plant, light 
enrichment prior to flowering increased the pod number 
per plant to 161% and 219% of the non-enrichment 
treatment for 1987 and 1988, respectively (table 4). 
Light enrichment at early pod fill in 1988 increased 
the number of pods per plant to 166% of the LEg 
treatment. During the previous year, this treatment 
had no significant effect on the pod number (table 4). 
Plants with light enrichment beginning at early pod 
fill had about 54% and 60% of the total number of pods 
as did the plants receiving the pre-flower treatment in 
1987 and 1988, respectively. 
Changes in pod number showed the ability of the 
plant to readily adjust its sink capacity to changes in 
environmental conditions (Heindl and Brun, 1983), 
namely, to changes in light regime in these 
experiments. Maximum pod number was determined by 
early pod fill since flowering had ceased. Thus, 
changes in light regime at early pod fill could affect 
the number of pods per plant by affecting pod 
retention. Changing the light environment prior to 
flowering could affect both pod formation and retention 
through to maturity. Schou et al. (1978) stated that 
light enrichment might be the reason for delayed 
senescence and increased photosynthesis especially in 
lower leaves, causing an increase in pod number and 
yield per plant. On the other hand, shaded leaves have 
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a much lower photosynthetic maximum than leaves exposed 
to full sunlight (Beuerlein and Pendleton, 1971). 
Seed number per pod was affected much less than pod 
number per plant by the changes in light regime. 
During 1987, only plants exposed to shade employed at 
early pod fill developed significantly fewer seeds per 
pod compared to non-shaded plants, although the 
difference was only 2.6%. In 1988, the shade 
treatments were significantly different from each other 
for the seed number per pod, following the general 
trend shown for pod number per plant. Seed number per 
pod in 1988 was 88% and 93% of that measured on non- 
shaded plants for pre flowering and early pod fill 
treatments, respectively. For pod number per plant in 
1988, these values were 63% and 78% for pre-flowering 
and early pod fill compared to non shaded plants (table 
4). These results are supported by Schou et al. (1978) 
who reported that shading with double-layered cheese 
cloth reduced the pod number per plant by 16% at mid 
and later seed fill. No differences were detected for 
shade or light enrichment treatments in 1987 (table 4). 
In 1988, pre-flowering light enrichment resulted in a 
small increase (7%) in the number of seeds per pod. 
Similar findings of non-significant or minor changes in 
seed number per pod have been reported (Dominguez and 
Hume, 1978; Heindl and Brun, 1983; Herbert and 
Litchfield, 1982; Schou et al., 1978). 
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Data in 1988 indicated that seed size was 
significantly restricted by shading (tables 4 and 6) . 
No significant difference was recorded between the pre¬ 
flowering and the early pod fill treatments. The 
difference in seed size was the greatest in the case of 
the early pod fill treatments with a reduction of 8.9% 
compared to non-shaded plants. In 1987, no significant 
differences at P < 0.05 were detected for the shading 
treatments (tables 4 and 5). However, the late shading 
treatment showed a decrease of 5.1% (9 mg) in seed size 
(significant at P < 0.10). These results were 
contradictory to reports by Dominguez and Hume (1978), 
Egli et al. (1985), Heindl and Brun(1983), Johnston et 
al. (1969), and Schou (1978). They showed that shading 
did not change seed size significantly. However, 
experiments performed by Johnson and Harris (1967) and 
Weil and Ohlrogge (1976) demonstrated that with an 
increase in plant density, and therefore self-shading, 
seed size was significantly decreased. Herbert and 
Litchfield (1982) stated that the yield difference 
between their 1979 and 1980 experiments were due only 
to differences in seed size as a result of differences 
in cloudiness. 
During both years of our experiments, no 
significant difference in seed size was detected 
between the non-enriched and pre-flowering light- 
enriched plants (table 4). In 1987 and 1988, light 
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enrichment applied at early pod fill resulted in a 
significant increase in seed size. As with changes in 
seed number per pod, alterations in seed size were 
relatively small. However, the trends were consistent 
between years. Early light enrichment did not increase 
seed size significantly probably due to the presence of 
larger numbers of pods and seeds. The given pool of 
photosynthates had to be distributed over a larger 
amount of sinks, hence any potential enlargement in 
seed size was limited. 
Differences in yield could occur only through 
adjustments in pod retention and in seed size during 
the pod filling period, because maximum pod number per 
plant and seed number per pod were already determined. 
Due to the overlapping stages of development and 
determination, an increase in one yield component is 
often offset by a decrease in another. This phenomenon 
has been shown in soybean experiments by Herbert and 
Litchfield (1982), who found that the pod number per 
plant declined as plant density increased. In 1984, 
they reported a decrease in harvest index due to 
increased planting densities. With wheat, Dougherty et 
al. (1975) found that an increase in ear number per 
unit area due to an increased plant density was 
partially offset by a reduction in spikelets per ear 
and in grain number per spikelet. This result showed 
that over or under production of one component is often 
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compensated for by a later adjustment of another 
component. In our study, an increase in pod number per 
plant in either light enrichment treatment was not 
accompanied by a decrease in seed number per pod or in 
seed size. Similarly, for the shade treatments a 
decrease in one component was accompanied by a decrease 
or no significant change of other components but not in 
an increase. This finding suggests that soybean plants 
are only partially able to compensate for a reduced 
number of set pods during the early pod fill stage by a 
change in seed size later in their reproductive life. 
On the other hand, increased light intensity caused the 
plant to respond with those yield components, which 
were not fixed yet. 
In summary, seed yield was affected the most by 
changes in pod number per plant, with little or no 
change in seed number per pod or seed size in response 
to a changing light regime. Plant number per unit area 
was not affected by shading or light enrichment. Other 
authors (Heindl and Brun, 1983; Johnston et al., 1969; 
Schou et al., 1978) similarly have found pod number per 
plant to be the component most likely to change in 
response to cultural management and crop environment. 
For example, Heindl and Brun (1983) found in their 
study of shading of the pods alone (not the leaves or 
stems) or applying additional light sources around the 
whole plants for a period of 3 weeks from full bloom to 
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early pod growth that of all yield components the 
number of pods per plant was affected the most, causing 
the greatest changes in seed yield. Schou et al. 
(1978) situated reflector boards on one side of the 
sampling row, and used a double-layer of cheese cloth 
for shading treatments. Each treatment was set up for 
2 weeks, with weekly treatment establishment beginning 
at the third trifoliate stage and continuing until late 
pod fill. They learned that pod number affected yield 
the greatest and that reflectors set up at early or mid 
flowering induced the greatest increase in pod number 
per plant. The shading effects were most significant 
from early flowering until the mid pod filling stage. 
The pod wall size (mg PW’^) has been suggested as a 
factor which may restrict maximum seed growth in pods, 
and hence may have an impact on seed yield (Egli et 
al., 1987). Changes in pod wall size were a result of 
two factors: the number of seeds per pod; and the seed 
size. Gent (1983) stated that fruit growth is 
influenced directly by seed growth, although size and 
growth rate of pod walls were not significantly 
different for different cultivars in his study. A high 
correlation (89%) between whole fruit growth and pod 
wall size was discovered; hence, factors influencing 
fruit growth will affect pod wall size also. Fraser et 
al. (1982) reported a significantly positive 
correlation between pod wall size and seed size. The 
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lack of differences among treatments for pod harvest 
index (measured in 1988 only) (teOales 7 and 6) 
suggested that this variable was influenced strongly by 
seed growth within each pod. Thome (1979) supposed 
that pod walls may function as temporary photosynthate 
storage organs before these assimilates become 
relocated into the seeds. Pod wall size (recorded in 
1988 only) was not significantly affected by shading 
(table 6) but was increased 16% by light enrichment at 
early pod fill (table 7). Since the pod harvest index 
was not affected by either shading or light enrichment 
(table 1), it may be concluded that the pod walls did 
not play a major role in restricting seed growth. Thorn 
(1979) and Fraser et al. (1982) have shown that 
assimilates first stored in pods were relocated to 
developing seeds. In our experiment pods expanded in 
size to the same extent as seeds. 
The protein, oil, and fiber contents of the seeds 
were also determined. Protein content of soybean seeds 
ranges usually between 320 to 480 g kg*^ of the seed 
dry matter (Krober and Cartter, 1962), which our 
results confirmed (table 8). Although there were some 
differences in protein content among light regimes 
(tables 8, 5 and 9), these were small (4% to 9%) and 
were not consistent in both years. 
Shading at early pod fill resulted in a 3 to 4% 
increase in seed protein in both years (table 8). 
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Table 7. Effects of shading (Shd) and light enrichment (LE) 
on pod wall size, and pod harvest index of 'Evans' 
soybean• 
Treatment 1988 Treatment 1988 
Pod Wall Size (mg PW‘^) 
Shdg 102 a§ LEq 84 b 
Shd^ 
Shd2 
92 a LE^ 
LEj 
98 ab 
88 a 100 a 
Pod Harvest Index^ (%) 
Shdo 78 a LEq 78 a 
Shd^ 
Shdj 
77 a LE^ 
LE2 
77 a 
77 a 77 a 
§ Means within columns not followed by the same letter are 
significantly different at P < 0.05 determined by LSD. 
* Pod harvest Index = Seed Yield/Plant -?• (Seed Yield/Plant 
+ Pod Wall Weight/Plant). 
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TzQjle 8. Effects of shading (Shd) and light enrichment 
(LE) on seed components of 'Evans' soybean. 
Treatment 1987 1988 Treatment 1987 1988 
Seed Protein (g kg’^) 
Shdo 380 a§ 364 b LEq 386 a 365 ab 
Shd^ 
Shdj 
383 a 359 b LE, 
LE2 
399 a 359 b 
393 a 372 a 362 b 371 a 
-Seed Oil (g kg'^) - 
Shdg - 137 a LEq - 142 a 
Shd^ - 145 a LE^ - 138 a 
Shdj - 134 a LEj - 13 6 a 
Seed Fiber (g kg'^) 
Shdg - 136 b LEq - 138 ab 
Shd^ 
Shdj 
- 142 a LE^ 
LE2 
- 139 a 
- 133 b — 134 b 
§ Means within columns not followed by the same letter are 
significantly different at P < 0.05 by LSD. 
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since the seed size decreased with shading through the 
pod filling period the most and seeds incorporated less 
assimilates leading to a higher protein concentration 
within the seeds. Hicks and Pendleton (1969) reported 
that floral bud removal increased the protein and 
reduced the oil content in the remaining seeds. This 
effect might indicate that pod abscission could 
possibly lead to an increase in protein content for the 
seeds of remaining pods. As shown for both years, 
light enrichment of the plants during the pod filling 
stage increased the seed size significantly. This led 
at least during 1987 to a higher accumulation of 
assimilates into the seeds, diluting the already stored 
amount of protein within the seeds and leading to a 
significantly lower protein concentration. Yet, these 
light enrichment effects could not be confirmed for the 
1988 season. During that season the protein content 
for the early pod fill treatment was significantly 
higher, which might indicate that under some 
circumstances enough assimilates were available to be 
utilized in an additional protein assimilation. 
The normal oil content of soybean seeds has been 
determined to be around 20% (Krober and Cartter, 1962). 
Our findings (table 8) were approximately 28 to 33% 
lower, most likely due to the analysis system of the 
NIR-feed analyzer. However, it is more important to 
look at the relationships between the treatments rather 
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than the actual values. In contrast to the results of 
the protein and fiber analysis, the oil concentration 
was not significantly affected by either shading or 
light enrichment (tables 8 and 9). 
Fiber content was significantly increased by 
shading from 8 days prior to the onset of flowering by 
4% (tables 8 and 9). This increase could indicate that 
under reduced light availability very early during the 
reproductive development, seed growth was adjusted by 
increasing the crude fiber content in response to the 
decrease in seed size. The increased amount of crude 
fiber, caused by early light enrichment, could be due 
to the additional light reception constructing more 
long chained carbohydrates (cellulose, hemi-cellulose, 
and lignin) as the weight per seed rose. 
Yield Components at each Node Position 
The majority of pods on a soybean plant occur 
between node 5 and node 12 (figures 3 and 4) (Herbert 
and Litchfield, 1982). In our field experiments, often 
some sample plants did not have pods on nodes below 
node 4 and above node 13. Therefore, the data from 
these nodes might not be expected to be as consistent 
or representative as the response for the data measured 
from the middle part of the plant. 
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During both seasons (1987 and 1988), the general 
trends of early shading reducing and early light 
©nrichinent increasing the number of pods per plant were 
found for most individual node positions with the 
exception of the lower part of the canopy (figures 3 
and 4). In 1987, the early pod fill treatments did not 
reveal significant differences in pod number per node 
across the whole plant for shading (table 7). However, 
for the upper half of the plant canopy, the early pod 
fill light enrichment treatment reduced the pod number 
per node. Nevertheless, in most cases no statistically 
significant difference was evident. 
The effects of shade at the early pod fill in 1988 
on the number of pods at different nodes were as 
previously described for the whole plant (figure 4). 
At most nodes the number of pods was lower than on the 
non-shaded plants, but higher than those found for 
shade in the pre-flowering treatment. However, the 
differences at single nodes between non light enriched 
and early pod fill enriched plants were not significant 
in most cases. Nevertheless, a general trend towards 
an increase in pods per node with light enrichment was 
apparent. 
These findings indicated that the results described 
for pod number per plant for the main effects on the 
whole plants were not only due to a particular part 
within the plant canopy but also due to the overall 
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trend across the whole plant. These results 
contradicted reports by Johnston et al. (1969) and 
Schou et al. (1978), who illustrated that the pod set 
at lower nodes on the plant was affected the most by 
shading and especially by light enrichment. These 
differences might be due to the fact that they counted 
the pods of the branches towards those nodes the 
branches were attached to. In our study only the main 
axis nodes were examined. 
Seed number per pod at each node position was not 
significantly different among all treatments in 1987 
(figure 5). As mentioned before, the variations on the 
lower and upper most nodes were due to reduced sampling 
sizes and missing values for some plots. In 1988 
trends in seed number per pod similar to those found 
for pod number per node were noticed, suggesting a 
reduced number of seeds per pod due to the shade 
treatments and an increased number due to light 
enrichment (figure 6). However, across the whole 
plant, differences in the number of seeds per pod were 
recorded for both years (figure 5 and 6). On the 
lowermost nodes the seed number per pod reached only 
around 75% and 50% of the ones at nodes 5 and higher 
for 1987 and 1988, respectively. This indicated that 
the 'Evans' soybean plants in addition to setting an 
average of less than one pod per node at these lower 
nodes, could not maintain the same number of seeds per 
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pod that developed in pods at higher nodes. Thus, the 
recorded values of above two seeds per pod for the 
whole-plant analysis were mostly due to the middle and 
upper strata of the plant. 
The large difference in seed number per pod between 
the lower part and the middle or upper strata of the 
canopy may have been due to either assimilate 
competition by branches in the lower strata or by 
continuous self shading even in the case of light 
enrichment. Singh et al. (1968) reported that in the 
lowest quarter of the canopy at a high planting density 
(101 kg/ha with at row spacing of 51-cm), only 12 to 
13% of the radiation was available and that the 
greatest portion of that was far red light. The 
effects of altered light availability might be the 
reason for lower photosynthate supply maintaining fewer 
pods and hence seeds. 
For seed size the trends of the results for the 
main effects were seen also in the data for individual 
nodes (figure 7 and 8). During the 1987 season only 
shading and light enrichment beginning at early pod 
fill tended to change the seed size. However, at most 
node positions, the differences were not significant 
for the shade treatment, but in most cases the pod fill 
light enrichment plots developed a significantly higher 
seed size. The formation of small seeds in the lower 
third of the canopy for the pre-flower light enrichment 
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treatment was probably due to the large number of pods. 
The available pool of assimilates had to be divided 
over a larger number of sinks, which restricted the 
amount accumulated in each. Egli et al. (1989) 
concluded from a source-sink alteration study that 
soybean plants respond to changes in their immediate 
environment not only by changing the number of pods per 
plant but also by altering the cotyledon cell numbers, 
which was highly correlated with seed size. They 
suggested that similar mechanisms affect both 
components. The plant might be able to utilize the 
cotyledon cell number to reduce fluctuations in seed 
number per plant, which is a composition of pod number 
per plant and seed number per pod. 
In 1988, shading limited the seed size (mostly no 
significant difference between Shd^ and Shd2) , whereas 
light enrichment increased it. Light enrichment from 
early pod fill onward caused plants to form 
significantly larger seeds compared to the non-enriched 
plants. Seed size for light enrichment beginning prior 
to flowering was intermediate between the other light 
enrichment treatments at most node positions. 
Pod harvest index, determined in 1988 only was 
constant across all but the lowermost and uppermost 
nodes (figure 9). There was no significant alteration 
due to shading and light enrichment. This meant that 
the weight ratio between the seed dry weight and the 
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pod wall dry weight hardly changed, illustrating that 
the pod wall dry weight increased in size only with 
changes in the fruit load (number of seeds, or seed 
size) (figures 8 and 10). 
For both seasons the reported results for the 
protein content for the main effects on the whole plant 
were confirmed by the data of each node position. 
However, in 1987 and 1988, plants responded differently 
to the light enrichment treatments. Light enrichment 
from early pod fill on reduced the protein 
concentration on most node positions compared to the 
non and pre-flowering enriched plants in 1987 (figure 
11). This might have been a result of increased seed 
size (dilution effect). Figure 12 illustrates that in 
1988 the pre-flower treatment reduced the protein 
concentration across the node positions at the bottom 
half of the plant, confirming results of Johnston et 
al. (1969). The reason for these results might be the 
greater number of seeds per plant utilizing the 
additional photosynthates rather than forming 
nitrogenous substances. 
Shading had no effect on the protein content in 
1987, but in 1988 shading increased the protein 
concentration in the lower third of the pods. However, 
the differences were not very large across the whole 
plant. These effects may be a result of the decreased 
seed size. 
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The oil content was relatively stabile across all 
the nodes of plants under both shading and light 
enrichment (figure 13). It was apparent that shading 
decreased the oil content of soybean seeds. No great 
differences between the pre-flower and early pod fill 
shading was discovered. 
Light enrichment caused a greater accumulation of 
oil into soybean seeds compared to those on non-light 
enriched plants. Apparently, the pre-flower treatment 
increased the oil content more than the early pod fill 
treatment. Regardless, these differences were only 
evident for the lower half of the canopy (figure 13). 
A report by Bils and Howell (1963) might give an 
explanation for these findings. They discovered an 
accumulation of large lipid granules and protein 
globules from about 4 weeks after flowering. At a few 
days before maturity starch grains disappeared in favor 
of an increased lipid and protein formation. This 
result might lead to the suggestion that providing 
supplemental light increased the oil formation. 
However, in no treatment did the lipid concentration 
reach the 20% usually found within soybean seeds as 
reported by Krober and Cartter (1962) and Yazdi-Samadi 
et al. (1977). As mentioned before, this result might 
be due to a programming or computing error of the NIR- 
feed analyzer we used. 
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. 
The fiber (crude fiber) content, similar to the oil 
content, varied most in the lower half of the soybean 
plants the most due to shading or light enrichment 
treatments (figure 14). The trends show that shading 
reduced and light enrichment increased this seed 
component. Nevertheless, overall this seed constituent 
did not change very much across most of the main stem 
nodes. 
Yield Development 
This section will examine the time related changes 
of seed yield per plant, pods per plant, seeds per pod, 
seed size, pod wall size, total plant weight, and 
harvest index. Data were collected from the 1988 
experiment only. 
No interactive effects between the shading and 
light enrichment treatments were found for most of the 
variables samples over time. The exception was total 
plant dry weight which showed an interaction similar to 
that at final harvest for total plant weight (tables 10 
and 11). 
For the shading and light enrichment main effects, 
significant quadratic regression relationships were 
shown, indicating that the seed yield for each of the 
main effects was different over time (table 12). 
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Table 12. Time-related regression analysis of seed yield 
and seed yield components of 'Evans' soybean 
for data of 1988. 
Shadina Light Enrichment 
Shdo Shd 1 Shd. Z LEq LE^ LEj 
SL^ SL R^ SL R^ SL R^ SL R^ SL R^ 
.... per jrj.anu 
Lin. 56 kk 47 kk 44 ** 31 kk 64 66 
Quad. •k-k 71 kk 55 59 ** 51 kk 81 ** 71 
Cub. NS 72 NS 56 NS 60 ** 60 NS 81 NS 72 
Source — Pod Num iber per Plant 
Lin. NS 0 NS 0 NS 2 NS 1 NS 6 NS 1 
Quad. ** 13 NS 3 NS 7 kk 15 * 14 ★ 10 
Cub. NS 14 NS 3 NS 7 16 NS 18 NS 12 
Source — -S€ ied Ni imber per Pod 
Lin. NS 2 NS 1 NS 1 NS 0 NS 0 NS 0 
Quad. ** 30 kk 31 kk 25 kk 41 kk 31 kk 12 
Cub. NS 34 k 38 NS 29 k 46 k 38 NS 15 
Source — — Seed Size 
Lin. ** 93 ★ 4r 93 ** 93 kk 93 92 ★ * 94 
Quad. ** 97 kk 94 ** 96 kk 95 97 ★ ★ 96 
Cub. ** 98 kk 96 ** 97 kk 97 kk 97 ** 97 
-.A oource —— JTKJKA rvcia.x 
Lin. ** 35 kk 20 ** 23 kk 22 k 14 kk 35 
Quad. ** 52 NS 22 * 31 kk 48 NS 19 NS 36 
Cub. NS 54 NS 25 NS 31 NS 48 NS 19 NS 36 
*, ** Indicates significance of F-test at P < 0.05 and P 
< 0.01, respectively. 
£ Significance level (SL). 
d expressed to nearest %. Yield components of 'Evans' 
soybean for data of 1988. 
64 
Figure 15 illustrates that the plants started slowly 
accumulating assimilates in reproductive sinks, 
indicated by a lag phase shown for all treatments 
between 57 and 69 days after planting (DAP). During 
this time, no significant differences in seed yield 
were found for the shade treatments. However, the pre¬ 
flower light enrichment treatment had already developed 
a significant increase in seed weight per plant. 
During the linear phase of seed yield formation, 
most of the differences discussed for the final harvest 
data developed between 76 and 91 DAP, i. e., shading 
suppressed and light enrichment increased the yield. 
The greatest effect was when treatment application 
occurred 8 days prior to the onset of flowering. The 
early pod fill shade treatment also significantly 
restricted the yield but less than did the pre-flower 
treatment. For the shading treatments, these results 
were more or less already determined by 91 DAP . After 
this date the dry matter accumulation into the seeds 
leveled off and reached its final result at about 119 
DAP. Throughout this last period of seed formation 
(after 83 DAP), the non-light enriched plants revealed 
an unexpected trend. After a very large increase in 
seed yield between 83 and 91 DAP, the seed yield 
dropped by about 2 grams per plant. No ready 
explanation was available except to attribute the high 
value at 91 DAP to random sampling error. It should be 
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pointed out that the error for the 91 DAP samples was 
very large represented by the LSD values. The sample 
size was small (3 plants per plot), and two of the four 
replications were missing. Other measurements of total 
plant weight (figure 16) and especially stem dry weight 
(figure 17) showed that plants for this treatment were 
larger than might be expected. During the same time 
the early pod fill light enrichment treatment continued 
to increase in seed weight to maturity but was 
significantly lower than the pre-flower treatment. 
These findings can further be explained by examining 
the development of the seed yield components. 
As mentioned before, the number of pods per plant 
has been proposed as the factor that influenced the 
seed yield the most (Heindl and Brun, 1983; Herbert and 
Litchfield, 1982; Schou et al., 1978). This variable 
was significant at P < 0.05 for the non shade and all 
light enrichment treatments, following a quadratic 
relationship (table 12). The results described for the 
final harvest data also were found for the individual 
sampling dates (figure 16). Shading from prior to 
flowering until final harvest had the greatest effect 
on the pod number per plant. The early pod fill shade 
treatment also decreased the pod load but to a smaller 
degree. Light enrichment from prior to flowering 
increased the pod number the greatest, although pod 
abortion started a week earlier than for the non light 
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enriched plan'ts and hhose light enriched from early pod 
fill onward (figure 16). However, the pod abscission 
activity slowed down towards the end of the plant 
growth. Thus, plants still maintained a significantly 
higher number of pods per plant than plants for the 
other treatments. Schou et al. (1978) determined that 
light enrichment during the two weeks between mid 
flowering and mid pod formation increased the pod set 
the greatest. The number of seeds per pod did not 
change greatly after pods were formed (figure 18). 
Seed size, averaged across all nodes, continued to 
increase during the sampling period (figure 19). 
It is difficult to understand why the non-light 
enriched plants would have more than doubled their pod 
load during the time of 83 and 91 DAP since flowering 
was completed (figure 16). As already mentioned, this 
most likely can attributed to sampling error because of 
the small sampling size. 
An amazing result was the decline in pod load for 
the early pod fill treatments after 91 DAP. This 
effect was most likely due to the increased amount of 
light intercepted during this growth stage. More 
assimilates were available for the already set number 
of pods and seeds. At this point, the plant could 
supply enough photosynthates to maintain most of the 
reproductive sinks, confirming findings of Schou et al. 
(1978) and Wiebold et al. (1981). 
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The overall pattern observed was that the greatest 
pod load on plants was reached at about 83 DAP (9i DAP 
for LEq treatment). From this time on, the number of 
pods per plant decreased until final harvest. This 
observation illustrated that pod abortion occurred on a 
regular basis. Soybean plants generally produce an 
abundant amount of flowers and fruits, of which only a 
fraction is maintained until final harvest (Brevedan et 
al., 1978; Hansen and Shibles 1978). The supply of 
assimilates and nitrogen during the period of flowering 
and pod set has been suggested as crucial for the 
determination of seed yield (Brevedan et al., 1978; 
Heindl and Brun, 1983). Heindl and Brun (1983) 
suggested that light quality also might have some 
effects on membrane transport systems in soybean 
cotyledons. Also, phytochrome systems have been 
suggested to influence abscission of leaves (Craker et 
al., 1987). This occurrence could support the theory 
that phytochrome also influences flower and pod 
abortion. Craker et al. reported that red light 
reduced abscission, whereas far-red light treatments 
increased leaf abscission in mung beans. In our 
studies, light enrichment would likely increase the 
proportion of red light at lower nodes, since in a 
normal soybean leaf canopy red light is attenuated more 
than far-red light (Singh et al., 1968). The 
examination of pod distribution across the plant showed 
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that light enrichment did not increase pod set at lower 
nodes more than at upper nodes (figure 3). Thus, the 
effects that we observed can be attributed mostly to 
changes in the quantity of light rather than any 
changes in quality. 
The number of seeds per pod for all treatments 
increased significantly by about 25% during the early 
stage of pod filling but declined again by 19% at final 
harvest following a quadratic regression (table 12). 
This trend indicated that after the plant established 
its maximum number of seeds per pod (2.3 to 2.5) it did 
not maintain all of these. Rather, the plant adjusted 
its sink load to the given environmental factors by not 
filling some of the already initiated seeds. Small 
unfilled seeds were found within the pods indicating 
some seed abortion. 
Only between 91 DAP and final harvest did plants 
develop a significant difference between each shading 
treatment as well as between the pre-flower light 
enrichment and the no light enrichment treatment. 
However, as mentioned before, this variable contributed 
only a small portion of the recorded changes to the 
seed yield responses (Herbert and Litchfield, 1982; 
Heindl and Brun, 1983; Dominguez and Hume, 1978; Schou 
et al., 1978). 
Variation in seed size often has been a minor 
contribution to alternations in seed yield of soybean 
74 
(Dominguez and Hume, 1978; Herbert and Litchfield, 
1982; Schou et al., 1978). However, it is a factor by 
which the plant can adjust its reproductive growth to 
changes in photosynthetic activity caused by changes in 
environmental conditions during seed filling (Egli et 
al•/ 1978 and 1985). Seasonal changes have strongly 
influenced seed size (Herbert and Litchfield, 1982). 
Seed size increased significantly during reproductive 
development (table 12) (figure 19). Between 69 DAP and 
91 DAP, a linear phase of steady increase in seed size 
for shading and light enrichment treatments was found 
(figure 19). After 91 DAP, the increase in seed size 
slowed down a little, which was probably due to the 
abscission of leaves, starting during the mid-fill 
stage (Lindoo and Nooden, 1976). Seed size still 
increased due to a relocation process of assimilates 
from abscising leaves (Hume and Criswell, 1973; Thorn, 
1979), stems (Stephenson and Wilson, 1977), and pod 
walls (Fraser et al., 1982; Thorn, 1979). 
Redistribution of assimilates may be considered to 
prolong the seed filling period significantly, 
contributing to the increase in seed size during the 
last part of reproductive development (Thorn, 1979). 
As described before, the treatments employed at 
early pod fill had the greatest effects on seed size. 
At this stage pod retention and seed size were the only 
factors, which the plants could use to adjust to 
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®^vi]ronin©ntal changes. Therefore, it was evident that 
the plants responded to shading with a restriction in 
seed size and to light enrichment with a significant 
increase in seed size. Both situations were a result 
of the changed light availability and, hence, 
photosynthetic action. 
The total plant dry weight (above ground dry 
matter), for which a significant quadratic relationship 
was found for all treatments (table 13), reflected a 
linear increase from the beginning of our sampling 
period until 83 DAP, mostly due to the increase in seed 
weight during this period (figures 15 and 20). The 
relatively sharp drop after 91 DAP observed for all 
treatments was due to leaf and petiole abscission, 
which had started a week before it was represented in 
the total plant weight (figure 21). Stem dry weight 
also decreased (figure 17), confirming results reported 
by Hume and Criswell (1973) that stems might serve as a 
temporary storage organ for a short time before 
assimilates were redistributed into seeds. 
The results for increasing total plant dry weight 
for individual treatments confirmed the already 
described results of final harvest data. Shading 
decreased the plant weight, whereas light enrichment 
increased it (figure 20). For both main effects all 
treatments were significantly different at final 
harvest. The strongest effect was accomplished by the 
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Table 13. Time-related regression analysis of total 
plant weight and harvest index of 'Evans' 
soybean for data of 1988. 
Shadina Liaht Enrichment 
Shd, 0 Shd 1 Shd 2 LEq LE^ LE2 
SL^ SL R^ SL R^ SL R^ SL R^ SL R^ 
Total irxanu wergnc 
Lin. ** 14 it 9 NS 0 NS 3 18 * 8 
Quad. ** 40 ** 18 ** 21 ** 23 ** 52 ** 22 
Cub. * 45 NS 20 NS 21 * 30 NS 53 NS 23 
— — — xnuex —— 
Lin. ** 91 ** 87 ** 85 ** 86 ** 90 ** 92 
Quad. ** 97 ** 93 ** 92 ** 93 ** 99 ** 96 
Cub. ** 97 * 94 NS 93 ** 94 NS 99 ** 97 
*, ** Indicates significance of F-test at P < 0.05 and P 
< 0.01, respectively. 
£ Significance level (SL). 
0 expressed to nearest %. 
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pre-flowering treatments over the whole period of fruit 
growth. 
The increase in harvest index with time (figure 22) 
reflected increasing seed weight, the abscission of 
leaves and petioles, and the redistribution of 
assimilates to seeds from leaves, stems and pods. For 
all treatments a guadratic relationship described 92 to 
99% of the changes in harvest index with time (table 
13). Translocation of photosynthates assimilated at 
early pod fill or later was accompanied by leaf 
senescence (Hume and Criswell, 1973). Crafts-Brandner 
et al. (1984) reported that fruit removal delayed leaf 
senescence, indicating that the presence of fruits, 
functioning as a sink, contributes to leaf abscission. 
On the other hand, leaf abscission caused the greatest 
loss of newly assembled photosynthates (Hume and 
Criswell, 1973). 
No significant differences in harvest index were 
detected for the shading treatments at all scimpling 
dates except for the final harvest. During the period 
between 91 DAP and final harvest shading induced a 
significant reduction of harvest index, probably due to 
the large drop of pods during this time (figure 16). 
Light enrichment increased the harvest index 
significantly to final harvest. Some inconsistent 
variation was apparent during fruit growth. The major 
differences developed only after 91 DAP. The increase 
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in harvest index by light-enriched plants was due to 
the enhanced pod load and pod retention as well as to 
the increased seed size of these plants. Therefore, it 
can be concluded that light enrichment resulted in more 
assimilates partitioned into reproductive sinks than 
into vegetative sinks. 
The plant height reached its maximum already at 
about 76 DAP, was relatively uniform for all 
treatments, and then leveled off between 95 and 110 
centimeters (figure 23). No significant differences 
among the treatments were detected. However, plants 
shaded from 8 days before flowering until final harvest 
tended to lodge much more than those from most of the 
other treatments. Lodging indicated that not only the 
sink capacity but also the structural stability of 
'Evans' soybean plants was reduced. This observation 
confirms reports about lodging effects of shading by 
Johnston et al. (1969) and Allen (1975). Costa et al. 
(1980), Dominguez and Hume (1978), and Herbert and 
Litchfield (1984) reported increased lodging in densely 
planted populations and associated lodging with light 
competition in the lower canopy. 
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Conclusion 
To summarize, shading restricted and light 
enrichment increased yields significantly. The pre¬ 
flowering treatments resulted in the greatest changes 
in seed yield, mostly through changes in pod number per 
plant. Early pod fill treatments also significantly 
affected seed yield, but to a lesser extent. Pod 
retention and seed size were factors that contributed 
the most to these yield effects. 
An examination of seed size in the non-shaded or 
non-light enriched treatments showed differences of up 
to 19 to 24% due to seasonal variation. The lower 
average seed size in 1988 might have been due to the 
hotter and dryer weather conditions during the months 
of June and August than what occurred in 1987 (figure 1 
and 2). 
Seasonal variation in seed size may be an 
indication for possible over or under compensation of 
seed size depending on the pod load established during 
the course of flower and later pod set. Egli et al. 
(1989) suggested that environmental changes affect 
cotyledon cell number and therefore seed size. They 
implied that cotyledon cell number might reduce some of 
the variation in seed number or pod number per plant, 
since seed number per pod was mostly constant. In 
1987, the number of pods per plant formed under a pre- 
84 
flowering light enrichment treatment did reduce the 
seed size slightly, most likely due to the division of 
assimilates over a larger load of sinks. In 1988, 
sufficient photosynthates were formed to maintain the 
same seed size (Herbert et al., 1985) or even to over 
compensate and increase the weight per seed. 
Exposing soybean plants to shading or extra light 
especially during the early pod fill period simulated 
seasonal variations in seed size. The weight per seed 
decreased by 4.9%, and by 9.3% in 1987 and 1988 (table 
4), respectively, due to the early pod fill shade 
treatment. The late light enrichment treatment 
increased seed size by 7.7% in 1987 and by 9.6% in 1988 
(table 4), respectively. This effect demonstrated that 
seed size can partly compensate for decreased or 
increased light availability. Assuming shading 
simulates at least partly natural clouding and light 
enrichment simulates an increased light availability, 
the results help to explain seasonal variation in seed 
yield and seed size. 
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